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Low frequency noise has been investigated at room temperature for asymmetric double barrier magnetic tunnel junc-
tions (DBMTJs), where the coupling between the top and middle CoFeB layers is antiferromagnetic with a 0.8-nm thin
top MgO barrier of the CoFeB/MgO/CoFe/CoFeB/MgO/CoFeB DBMT]J. At enough large bias, 1/f noise dominates the
voltage noise power spectra in the low frequency region, and is conventionally characterized by the Hooge parameter Otmag.
With increasing external field, the top and bottom ferromagnetic layers are aligned by the field, and then the middle free
layer rotates from antiparallel state (antiferromagnetic coupling between top and middle ferromagnetic layers) to parallel
state. In this rotation process Oimag and magnetoresistance-sensitivity-product show a linear dependence, consistent with
the fluctuation dissipation relation. With the magnetic field applied at different angles (0) to the easy axis of the free layer,
the linear dependence persists while the intercept of the linear fit satisfies a cos(6) dependence, similar to that for the
magnetoresistance, suggesting intrinsic relation between magnetic losses and magnetoresistance.
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1. Introduction

Since the magnetic tunnel junctions have potential ap-
plications in magnetic random access memory and other
magnetic devices,!! extensive experimental investigates have
been done for single barrier magnetic tunnel junctions
(SBMTJs).!231 Recently double barrier magnetic tunnel junc-
tions (DBMTIJs) have also drawn attention for possible advan-
tages over SBMTJs.!*1 In the simplest case, they can be re-

[10,11] g larger output voltage

garded as two SBMTIs in series,
can be generated, which improves signal noise ratio.

The intrinsic low frequency noise is a performance-
limiting factor for both SBMTJs and DBMTJs, and consists
of 1/f noise, shot noise and thermal noise, where shot noise
and thermal noise are independent of frequency. At large bias,
1/f noise dominates in the low frequency region of the noise
power spectra, and it is originated from the thermally acti-
vated fluctuations of the magnetization of the ferromagnetic
layers. For MTlJs, 1/f noise is commonly characterized by
the Hooge-like parameter: Ohag = A Sy V2,121 where A
is the junction area, f is the frequency, S?ag is the noise power
spectral density, and V is the voltage applied to the device.

DOI: 10.1088/1674-1056/24/7/078504

With the quasi-equilibrium assumption, the magnetic 1/f noise
originates from thermal magnetization fluctuations can be re-
lated to the imaginary component of the magnetic susceptibil-

ity through the fluctuation dissipation relation (FDR)!!?}
kgT AR 1 dR
Olmag = E(f, H —_— = 1
mag = €(/ )nquS R RdH’ %

where AR = Rap — Rp, Rp (Rap) is the parallel (antiparallel)
resistance, 3! uoM; is the saturation magnetization of mag-
netic layers (1.6 T for CosgFes9B2), kp is Boltzmann’s con-
stant, T is the absolute temperature, and U is the vacuum per-
meability. The magnetoresistance-sensitivity-product is de-
fined as MSP = (AR/R*)(dR/dH). Equation (1) indicates
that Otag is proportional to MSP, and the phase lag &(f,H),
which depends on material properties, can be estimated from
the measured O, and MSP. [14] In this work we vary the an-
gle between the applied field and the easy axis of the free layer,
and measure O,z and MSP at different angles.

2. Experimental methods

Schematic diagram of asymmetric DBMTJ stack is
shown in Fig. 1(a). The structure is: Ta 5/Ru 30/Ta 5/Nig; Feq
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5/11'22MI]78 10/C090F61() 2.5/Ru 0.9/C040FC40B2() (CoFeB)
3/MgO 2/CospFesq (CoFe) 2/CoFeB 1/MgO 0.8/CoFeB 3/Ru
0.9/C090F610 2.5/[1‘22M1‘17g IO/NiglFelg 5/Ta5/Ru 5 (all thick-
nesses in nm). The junction size is about 5 x 10 umz, and the
devices were annealed at 350 °C under an external in-plane
magnetic field 800 mT for half an hour. Detailed information
of sample fabrication can be found in Ref. [9].
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Fig. 1. (color online) (a) Schematic diagram of the stack of asymmet-
ric double barrier magnetic tunnel junction (DBMT]J). (b) Illustration of
angle 0 between the easy axis and the external magnetic field. The easy
axis direction in the figure is the positive direction.

Field dependence of dV/dI at 3.6 K is measured by
standard lock-in technique with zero DC bias, as shown in
Fig. 2(a), with different magnetic states denoted. The low
frequency noise and static magnetoresistance at room tem-
perature are measured using conventional four-terminal DC
method with a large fixed DC current 1.3 mA, as shown in
Fig. 2(b). The magnetic field is produced by a vector super-
conducting magnet at 3.6 K and a electromagnet at room tem-
perature respectively. To avoid extrinsic noises for the noise
measurements, the DC current is produced by battery and bal-
last resistors. The voltage fluctuation signal is AC coupled to a
home-made ultra-low noise amplifier with its own noise about
2nV/ V/Hz and the output is digitized with a data acquisition
card. For field dependence of the noise measurement, the step
of the applied field is 40 Oe and the stabilization time before
the noise measurement is long enough to ensure the device in
a quasi-equilibrium state. The sweeping direction of the mag-
netic field is in plane and from positive to negative, as shown
in Fig. 1(b).

3. Results and discussion

As explained in previous findings,[®715] the antiferro-
magnetic coupling between two ferromagnetic layers across
the top thin MgO barrier in DBMTIs results in two different
AP states: AP1 (| 1)) and AP1" (1 /1), in which the mid-
dle free layer’s magnetization is aligned opposite to the neigh-
bouring ones, as depicted in Fig. 2(a) following Ref. [7]. Al-
though the asymmetric DBMT]J in the previous work is made

of epitaxial Fe/MgO/Fe/MgO/Fe stack and does not have syn-
thetic anti-ferromagnetic layers (SAF) as shown in Fig. 1, the
similarity of the magnetoresistance suggests that the magnetic
configurations are similar, so the nomenclature of the magnetic
configurations in the previous work is followed.
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Fig. 2. (color online) (a) Magnetoresistance (MR) curve in DBMTJs at
3.6 K with one very thin top barrier, resulting in the coupling between
the top and central magnetic layers. The magnetic states from right to

left are P(T 11), API"(T |1), AP2(+ 1), AP1(} 1)), and P’ (}. [)), re-
spectively. (b) Static MR at room temperature with different 6 between
the easy axis and the external magnetic field. The blue arrow indicates
the field sweeping direction.

The difference in resistance between the AP1(] 1) and
API'(T /1) states was already observed and was attributed to
the possible influence of domain walls formed in the synthetic
antiferromagnet. [7 Here, the difference in resistance could be
more naturally explained by the different coupling between the
SAF and the IrMn AF layer, i.e., for AP1 state the AF layer
can pin the SAF, while for AP1" the AF layer does not pin the
SAF, due to the unidirectional anisotropy introduced by the AF
layers.['%) The magnetoresistance dip between AP1 and AP1"
corresponds to the AP2 (1 1)) state. The two parallel states
are P (1 1) and P’ (| JJ) state from right to left respectively,
for which the magnetization of three CoFeB layers align along
one direction, and at 10 kOe the dV/dI of P and P’ states is
slightly smaller than that of the AP2 state.

The static magnetoresistance at different 6 at room tem-
perature is shown in Fig. 2(b). As 0 increases, the resistance
peak at API state decreases and moves towards the negative
direction, while the field range of AP2 state shrinks and the
peak of AP1" also moves towards the negative direction. And

078504-2



Chin. Phys. B  Vol. 24, No. 7 (2015) 078504

finally the MR is close to symmetric when 8 is 90°. The
smaller range of the field in Fig. 2(b) is due to the limit of
our electromagnet.

In our previous reports of low frequency noise in
SBMTJs!!'7! and symmetrical DBMTJs, ' we did not focus
on the regime where the free layer flips since it is a very nar-
row regime close to zero field. Here, as show by the magnetic
configurations in Fig. 2, the middle free layer flips three times
from right to left, and in the field range from AP1 to P’ state
the resistance decreases gradually, which is suitable for noise
measurement. Since only the free layer is undergoing mag-
netic reversal, while the upper and bottom CoFeB layers in
DBMT]J are effectively pinned, this regime seems to be a sim-
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plified case for applying the FDR and Eq. (1).

At 1.3 mA, the voltage noise power spectra is dominated
by 1/f noise from 1 Hz to 50 kHz, and the retrieved Oy, and
MSP are shown in Fig. 3(a)-3(e) for different angles. For 6 =
0°, Omag exhibits three peaks from right to left correspond-
ing to magnetic configuration transitions from AP1" to AP2,
AP2 to API1, and AP1 to P’ respectively. As expected, in the
left side of the far left o4y, peak (from about —2 to —3 kQOe),
FDR seems to be applicable. With increasing 6, AP1 and AP1"
states become more symmetric and AP1" state moves towards
zero field, until 6 = 90° where AP1 and AP1" have similar

resistance and both MSP and Oiyag are symmetric to zero.
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Fig. 3. (color online) Hooge parameter (circles) and magnetoresistance-sensitivity-product (solid line) versus magnetic field at each angle
are shown in panels (a)—(e). Hpee denotes the peak position of MSP in negative field region. Our focused regions are shown by green
circles. Qmag versus magnetic field of each angle is plotted in panel (f). The measurement is carried out at room temperature.

Having determined Qinae and MSP, the phase lag £(f,H)
can be estimated following Eq. (1), and in the field region
where only free layer rotates € should be a constant if Ofyae
and MSP are linearly related. Indeed, when O, is plotted
as a function of MSP in Fig. 4(a), the linearity is observed
in the field region below Hfee, Which is the peak position of
MSP, as shown in Fig. 3(a)-3(e). In this region, free layer’s

magnetization rotate from antiparallel to parallel, as indicated

in Fig. 2(a), thus the source of magnetic 1/f noise may relate
to domain motion and rotation in the middle free layer. Fig-
ure 3(f) shows that oiag decreases in the field region below
Hipee Tor all angles, and in the deep P’ and P states may con-
verge to the field independent barrier noise.!”!

From Egq. (1), the intercept is

ki
log (s(f,m w‘;;)
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The fitted slopes and intercepts are listed in Table 1. The fit-
ted slopes are close to 1, consistent with the quasi-equilibrium
assumption. €(f,H) can be deduced from the intercept and is
found to increase with the angle. Figure 4(b) shows that log(¢€)
has a roughly linear dependence on cos(6). It is interesting to
note that similar 6 dependence is expected for conductivity of
a standard SBMTJ: G = acos(8) + b,!'8 where 6 is the an-
gle between external magnetic field direction and free layer
magnetization orientation, a and b are parameters related to
the device. This may suggest an intrinsic correlation between
spin rotation and magnetic losses and further investigation is

required.
1077~ T T T
' (a) 7
/
L /
o /
NE e /
3 8 o /
~ 1078 -
§ b o ; d e 0
3 [ o
i ; / ® 30
L / ©® 45°
L / 60°
/ ® 90°
109 4 Ll L
103 102 101! 100
MSP /kOe~!
T T T T T T
(b)
10-1E 4
W
102 1 1 1

1 1
0.2 04 06 08 1.0
cos(0)
Fig. 4. (color online) (a) The relation between Ofmag and MSP plotted in
panel (f). The slope of the scaling between 0tm,g and MSP is close to 1,
which can be illustrated by the dashed blue line. (b) The logarithm of
the phase lag log(¢) is inversely proportional to cos(6).
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Table 1. The fitted slopes and intercepts at different angles based on
Fig. 4(a).

Angle 0° 30° 45° 60° 90°
Slope 1.041 0.991 1.012 1.004 0.998
Intercept 1079.757 1079.607 1079.512 1079.373 1078,985

4. Conclusion

In summary, low frequency noise has been studied for
asymmetric DBMTIJs at different angle 6 between the easy
axis and the external magnetic field. The Gy, is linearly pro-
portional to the MSP for the field range where only the mid-
dle free layer rotates, consistent with the fluctuation dissipa-
tion theorem for thermal magnetization fluctuations. The log-
arithm of the phase lag monotonically increases as 0 increases
and is inversely proportional to cos(8), which resembles the 6
dependence of the MTJ conductivity.
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